Cells, from microbes to man, adapt their membranes in response to the environment to maintain their 19 properties and functions. To adapt, lipid composition is homeostatically regulated to conserve optimal 20 membrane properties. Global patterns of lipidome remodelling are poorly understood, particularly in 21 model organisms with simple lipid compositions that can provide insight into fundamental principles 22 Quinn, 1981; Sinensky, 1974) . 61 62 Singular observations of lipidome composition do not inform which properties the cell membrane 63 senses and adapts to, nor which minimal suite of lipid structure are required for swift adaptation. 64 Lipidomics has provided global insights into the complexity of cellular lipidomes from yeast to man 65 and can provide insight into how cells remodel lipid composition during adaptation (Ejsing et al., 66 2009). To date, however, there still are only few studies systematically characterizing lipidomic 67 remodeling across a range of conditions and stressors. The most comprehensive study of this kind 68 was performed on yeast (Klose et al., 2012), whose lipidome contains over 150 unique lipids, 69 providing unprecedented insight into the adaptation of a complex eukaryotic lipidome. 70 71 Complex organisms possess membranes with diverse and niche-specific functional requirements. 72 While understanding complex lipidomes is important, such systems are not ideal for exploring the 73 fundamental principles underlying lipidome adaptation. Since all membranes require means to 74 homeostatically adapt to perturbations (Kaiser et al., 2011), a simpler organism that is capable of 75 adapting to a broad range of environmental conditions would be a more suitable model system to 76 elucidate the minimal lipidomic requirements for adaptation. Bacteria are an attractive target for this 77 endeavor since some are among the simplest organisms, capable of surviving over a broad range of 78 environments, and many species have been well-characterized and established as model organisms 79 for cell biology. 80 81 Here, we characterized the lipidomic adaptivity of the Gram-negative bacterium Methylobacterium 82 extorquens. M. extorquens has a small lipidome, with 25 phospholipid species as compared with over 83 100 in E. coli (Jeucken et al., 2019). Despite its relatively small lipidome, as a plant-and soil-84 associated bacterium, M. extorquens must adapt to a broad range of chemical and physical conditions 85 (Vorholt, 2012). Furthermore, as a eukaryote-associated bacterium with potential for industrial 86 production of chemicals from methanol, understanding lipidome adaptation in Methylobacterium has 87 broad relevance from bacterial-host interactions to bioengineering. We explored lipidomic 88 remodeling over varying temperature, osmotic and detergent stress, carbon source, and cell density. 89
underlying membrane adaptation. Using shotgun lipidomics, we examined the simple yet adaptive 23 lipidome of the plant-associated Gram-negative bacterium Methylobacterium extorquens over 24 varying temperature, hyperosmotic and detergent stress, carbon sources, and cell density. We 25 observed that as few as ten lipids account for 90% of the total changes, thus constraining the upper 26 limit of variable lipids required for an adaptive living membrane. Across all conditions, the highest 27 degree of lipidomic variability was observed for changing growth temperature. We also revealed that 28 variations in lipid structural features are not monotonic over a given range of conditions and are 29 heterogeneous across lipid classes. Interestingly, phosphotidylcholine showed the most extreme acyl 30 chain remodeling among all lipid classes, suggesting a new link to its importance in bacterial-host 31 interactions and pathogenicity. These patterns in lipidomic remodeling suggest a highly adaptive 32 mechanism with many degrees of freedom and constrain the lipidomic requirements for an adaptive 33 membrane.
Introduction 35
All organisms have at least one membrane that is crucial for compartmentalizing and coordinating 36 biochemical processes within the cell. And yet, nearly a century since the discovery that membranes 37 are made of a lipid bilayer (Gorter and Grendel, 1925) and half a century since integral membrane 38 proteins were proposed in the Fluid Mosaic model (Singer and Nicolson, 1972) we still lack 39 fundamental insight into the design principles required to engineer a functional cell membrane. Much 40 of the membrane's functionality is associated with the activity of membrane proteins, which perform 41 a diverse range of tasks from signaling to transport. The activity of such proteins is in turn crucially 42 dependent on the biophysical properties of the membrane such as viscosity, thickness, curvature and 43 bilayer asymmetry ( Cells were harvested during early exponential growth to minimize their impact on media chemical 107 composition. Temperature was varied from 6 to 30 ˚C to challenge the viscosity of the membranes. 108 Salt (NaCl) and detergent (Triton X-100) concentrations were varied to produce osmotic and 109 detergent stresses, respectively. Cells were grown on two concentrations of methanol (0.1 and 1% 110 v/v) as the sole carbon source to evaluate the effect of metabolism on lipidomic remodeling. Finally, 111 to characterize lipidomic adaptation at varying cell densities, cells were harvested at early, mid and 112 late exponential, as well as stationary growth stages ( Figure 1b ). Cellular lipid content was analyzed 113 by high resolution shotgun mass spectrometry (Ejsing et al., 2009) suggests that 2-methylation may be particularly prevalent among plant-associated bacteria (Ricci et 125 al., 2014) . In the following sections, we dissect the data in Figure 2 in order to reveal patterns in 126 lipidomic variation across experimental conditions. 127 128
Lipidomic variation across experimental conditions 129
To broadly characterize the effect of environmental perturbations on membrane remodeling, we 130 evaluated the cumulative lipid variability for each growth condition. Presently there is no gold 131 standard for evaluating lipidomic variability. Lipid variability has previously been reported as the 132 variance over mean of lipid abundance (Klose et al., 2012) . This analysis reveals how much a lipid varies relative to its abundance, such that even a very low abundance lipid that has a small change in 134 relation to a total lipidome could have a high variance over mean. However, in this study we aimed 135 to characterize variations that would have an impact on the bulk adaptive properties of the membrane. 136
Since small changes in abundance do not have a considerable effect on the bulk adaptive properties 137 of the membrane, we focused on lipids with high absolute changes in abundance. Therefore, we 138 calculated lipid variability as the standard deviation of abundances over a range of conditions. The 139 total lipidomic variability was then calculated as the aggregate standard deviation of relative 140 abundance for all individual lipid species over the range of the various conditions (e.g. temperature, 141 growth stage, etc.) ( Figure 3a ). This analysis revealed that temperature has by far the largest effect 142 on lipidomic remodeling, with more than 2-fold more variability than any other condition. 143 Surprisingly, the smallest effects were observed with detergent challenge. 144
145
To compare general lipidomic features for each individual experimental condition, we performed a 146 principle component analysis (PCA) on lipid species abundances ( Figure 3b ). PCA is a method that 147 allows for the comparison of multidimensional data by reducing variations down to two-dimensions 148 called principle components. Distance between each point on the PCA plot is proportional to variation 149 in lipid composition between conditions. Most conditions clustered closely with the standard growth 150 condition, shown in red. Thus, lipid composition was not strongly affected by detergent, methanol, 151 low salt concentrations, or during the progression through early, mid, and late growth stage. In stark 152 contrast, bacteria grown at low temperatures, in stationary growth phase, or at high salt conditions 153 (0.2 M NaCl) did not cluster with the standard growth condition, indicating a high extent of lipidome 154 remodeling. Furthermore, temperature had an orthogonal effect compared to stationary growth and 155 high salt conditions, indicating that a different set of lipidomic features is involved in responses to 156 those conditions. 157 158 It is surprising that a membrane destabilizing detergent (Helenius, 1975) did not result in lipidomic 159 remodeling. This could possibly be attributed to the ability of Gram-negative bacteria to resist 160 chemicals through the robustness imparted by barrier function of lipopolysaccharide at the cell 161 surface and active removal of toxins by multidrug transporters (Nikaido, 1996; 2003; Nikaido and 162 Vaara, 1985; Piddock, 2006) . The insensitivity of the lipidome to methanol was also unexpected. We then asked how many and which lipid species are highly variable for each set of conditions. We 183 defined the highly variable lipid species as those that account for 90% of the total lipidomic variability 184 within any given condition. By this measure we observed that 10-13 lipids are highly variable over 185 any given condition (Figure 4c 
Chain length 246
Total chain length is highly conserved across all conditions, and only varies substantially at 6 ˚C 247 ( Figure 6a ). Since total chain length has a large effect on membrane thickness, which in turn must be 248 matched with membrane proteins transmembrane domain length, it is not surprising that this feature 249 is so invariant. The large change in total CL at extreme low temperature suggests that the membrane 250 must take extreme measures to adapt as it approaches the end of the range of viable growth 251 temperature. 252 253 Similar to unsaturation, chain length within each headgroup class shows much higher variability than 254 total chain length ( Figure 6b ). For instance, from 30 to 20 ˚C total chain length remains constant 255 while PC chain length decreases and is compensated for by increased chain length in PG, PE and CL. 256
Similar remodeling is also observed for growth stage and salt concentration. Additionally, PC exhibits 257 the highest chain length variation. 258 259 Diplopterol 2-methylation 260 A particularly striking variation was observed for the sterol analogue diplopterol and its 2-methylated 261 derivative ( Figure 7) . Diplopterol is the major hopanoid in M. extorquens and is localized in the outer 262 membrane (Hancock and Williams, 1986; Sáenz et al., 2015) . We previously demonstrated that 263 diplopterol has a sterol-like ability to modulate the order of saturated lipids such as 264 lipopolysaccharides in the bacterial outer membrane 2012) . Subsequent work 265 demonstrated that 2-methylation of hopanoids increases their membrane rigidifying effect (Wu et al., 266 2015) . Therefore, variations in diplopterol 2-methylation could play a role in the adaptation of the 267 outer membrane. While total diplopterol abundances (diplopterol + 2-methyl-diplopterol) did not 268 vary substantially under any conditions, 2-methylation of diplopterol is highly variable in all conditions except methanol and detergent (Figure 7a and b ). There is a progressive increase in 2-270 methyl-diplopterol abundance with decreasing temperature and increasing salt concentration ( Figure  271 7c), consistent with transcriptional regulation of this process by global stress response pathways 272 (Kulkarni et al., 2013) . These results show for the first time that 2-methylation is dynamically 273 regulated in response to varying growth conditions and is important for outer membrane adaptation. We demonstrated that membranes composed of only a few lipid species are capable of adapting 302 specifically to a broad range of conditions, in particular temperature. Additionally, by assessing how 303 lipid structural features are recombined through adaptation, we reveal that even a simple lipidome 304 exhibits complex patterns of remodelling that were previously undefined. We propose that it is 305 essential to assess lipidomic data in terms of the composite structural features conferred by binned 306 combinations of lipids, since the combination of these structural features ultimately dictates the 307 physical state and functionality of membranes. 308
309
We probed the lipidome composition across a broad range of viable conditions spanning temperature, 310 hyperosmotic and detergent stress, carbon sources, and cell density. PCA analysis revealed that most 311 lipidomes are highly similar across conditions (Figure 3 ). This demonstrates that the lipidome is 312 robust and that there are strong constraints on lipidome composition and remodelling. While analysing lipidomes purely by lipid species, it is therefore critical to assess global structural 324 composition. For example, total phospholipid chain length, that influences membrane thickness, is a 325 highly conserved feature that only varies under extreme conditions such as low temperature (Jensen 326 and Mouritsen, 2004). Interestingly, phospholipid acyl chain length was highly conserved globally, 327 but variable within certain headgroup classes. Other constraints do not have such clear implications. 328
For instance, phospholipid headgroup composition only varies at low temperature or in stationary 329 growth phase, possibly suggesting conservation of membrane surface charge as a key constraint. 330 Also, the acyl chain composition among phospholipids with PG headgroup is nearly invariant across 331 all conditions, suggesting that there could be biochemical constraints on PG remodelling. Low PG 332 remodelling has also been observed in cyanobacteria (Pittera et al., 2018) , showing that this constraint 333 is not limited to M. extorquens. While the physicochemical and physiological basis for these 334 observations remains to be fully explored, the patterns and constraints in lipidome remodelling that 335 we report here serve as a resource for designing a minimal adaptive membrane and highlight the need 336 for multi-level analysis of lipidome data. 337 338 Among all phospholipid classes, we observed that phosphotidylcholine (PC) showed the highest 339 degree of acyl chain remodelling. This is particularly interesting with regard to bacterial-host 340 interactions. While relatively few bacteria synthesize PC, the majority of studied bacteria associated 341 with a eukaryotic host, including many pathogens, contain PC in their membranes (Aktas et al., 2010; 342 Geiger et al., 2013) . Synthesis of PC was previously shown to be essential for host colonization 343 Step-wise adaptation of lipids by feature sampled at varying salt 531 concentrations (NaCl . (B) Step-wise adaptation of diplopterols when changing temperature, growth phase, and salt condition. Lipids were identified and meausred by highresolution Quantitative Mass-spectrometry Variability across conditions: 8 lipid species were adapted in all conditions. Step-wise adaptation of lipids by feature sampled at varying salt concentrations (NaCl).
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